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ABSTRACT  
 
The electrochemical behaviour and corrosion inhibition of mild steel in 0.5M and 1M dilute sulpuric acid by 
rosemary oil (Rosmarinus officinalis) at ambient temperature was investigated through potentiodynamic 
polarization test, weight loss techniques analysis and optical microscopy. Results obtained showed the organic 
compound to be highly effective with a maximum inhibition efficiency of 80.8 % and 87.9% from weight loss and 
84.1% and 80.8% from polarization test in the acid test solutions. The adsorption characteristics of the compound 
obeyed the Langmuir adsorption isotherm while the inhibition mechanism was observed from thermodynamic 
calculations to be physiochemical. Optical microscopy micrographs confirms the overwhelming influence of the 
compound on the topography and surface morphology of the steel after exposure. 
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INTRODUCTION 
 
Mild steel is widely applied in a range of technological applications, however its poor corrosion resistance and 
susceptibility in acidic conditions limits its versatility [1-3]. Acid solutions are generally used in industrial 
operations such as pickling, cleaning, descaling, oil well acidizing etc. [4, 5]. Corrosion in the petroleum industry 
arises at all operational levels from down-hole through surface equipment and devices to processing facilities. It can 
be observed in the form of leakage in tanks, casings, tubing, pipelines, and in other equipment [6-8]. Corrosion 
problems are usually compounded and sometimes complicated due to the connection between operating problems 
and facility maintenance leading limited or complete cessation of the flow process [9]. Among other corrosion 
control processes the application of corrosion inhibitors has been proven to be versatile and effective [10, 11]. 
Corrosion inhibitors are widely applied to weaken the corrosive effect of aggressive environments on metallic alloys 
[12]. Selection and application of inhibitor is subject to its cost, toxicity, availability and efficiency to inhibit 
corrosion and alleviate the environmental impact on the substrate alloy. Previous research has shown that most of 
the high performance inhibitors are organic compound containing nitrogen, oxygen and/or sulphur atoms [13-23]. 
The electrochemical behavior of these compounds is credited to its adsorption onto the metal/solution interface. This 
investigation aims to study the electrochemical behaviour, corrosion inhibition characteristics and adsorption 
mechanism of rosemary oil (ROS) on mild steel in 0.5 M and 1 M H2SO4 solution. 
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EXPERIMENTAL SECTION 
Material specimen 
Mild steel obtained commercially and analyzed at the Advanced Materials and Tribo-Corrosion Research 
Laboratory, Department of Chemical and Metallurgical Engineering, Tshwane University of Technology, South 
Africa gave a percentage weight composition of 0.401% C, 0.169% Si, 0.440% Mn, 0.005% P, 0.012% S, 0.080% 
Cu, 0.008% Ni, and 0.025% Al, with the rest composed of Fe. The specimen dimension is cylindrical with 14 mm 
diameter. 
 
Inhibiting compound 
Rosemary oil (rosmarinus officinalis), an oily yellow transparent liquid is the organic compound used as the 
corrosion inhibitor. It has a boiling point of 176 °C, the density is 0.908 g/mL at 25 °C, a refractive index of n20/D 
1.468 and flash point of   121 ° 
 
Test Solution  
0.5M & 1M H2SO4, prepared from of Analar grade H2SO4 were used as the corrosion test solution. 
 
Preparation of the steel specimens 
The mild steels (14 mm diameter) were mechanically cut into specific dimensions of 10 m average lenght. The 
exposed ends of each steel were metallographically prepared with silicon carbide abrasive papers of 80, 120, 220, 
800 and 1000 grits, washed with distilled water, rinsed with acetone, dried and stored in a dessicator for weight loss 
test analysis and potentiodynamic polarization. 
 
Weight-loss Experiments 
The steel samples were each immersed in 200ml of the acid solution at predetermined volumetric concentrations of 
rosemary oil (ROS) for 360h at 25oC ambient temperature. Each sample was analysed every 72h i.e. washed with 
distilled water, rinsed with acetone, dried and weighed. Graphical plots of inhibition efficiency (%IE) versus 
exposure time (h) (Figs. 1 & 2) for the test media were made from the obtained data Tables 1 & 2. 
 
The corrosion rate (C) wass determined from Equation 1:  
 
R = [
87.6𝑀
𝐷𝐴𝑇
]                                                                                                                                      (1)    
 
M is the weight loss (mg), D is the density (g/cm2), A is the surface area in 
cm2, and T is the exposure time (h). The %IE was calculated from Equation 2 below. 
 
%IE = [
𝐶1−𝐶2
𝐶1
] ˟ 100                                                                                                                       (2) 
 
Where C1 and C2 are the corrosion rates with and without of predetermined concentration of TPD. The surface 
coverage is calculated from Equation 3: 
 
𝜃 = [1 −
𝑀2
𝑀1
]                                                                                                                                  (3) 
 
Where 𝜃 is the quantity of TPD adsorbed per gram (or kg) of the steel surface. M1 and M2 are the weight loss of 
carbon steel specimen in the free and inhibited test media. 
 
Potentiodynamic Polarization 
Potentiodynamic polarization tests were performed with the aid of cylindrical steel samples embedded in resin 
mounts with exposed surface of 154 mm2. The working electrodes were polished with differential grades of silicon 
carbide paper, rinsed with distilled water and dried with acetone. Polarization tests were performed at ambient 
temperature of 25 oC with Digi-Ivy potentiostat. A platinum rod was used as the counter electrode and silver 
chloride electrode (Ag/AgCl) with pH of 6.5 was used as the reference electrode.  The potentials were scanned from 
-1.5V to +1.5 V at a scan rate of 0.002V/s.  The corrosion current (icorr), corrosion current density (Icorr) and 
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corrosion potential (Ecorr) were determined from the Tafel plots of potential versus log Icorr. The corrosion rate (R), 
the degree of surface coverage (θ) and the percentage inhibition efficiency (%IE) were calculated from Equation 4; 
  
R = 
0.00327 × 𝐼corr × 𝐸q
𝐷
                                                                                                                     (4) 
 
Where Icorr is the current density (μA/cm2), D is the density (g/cm3), Eq is the specimen equivalent weight (g); 
 
The percentage inhibition efficiency (%IE) was calculated from corrosion the corrosion rate as shown in Equation 5; 
 
  %IE = 1 – [
𝐶2
𝐶1
] ˟ 100                                                                                                                     (5) 
 
C1and C2 are the corrosion rates in absence and presence of TPD respectively. 
 
Optical Microscopy Characterization 
The surface morphology of the inhibited and non-inhibited steel samples were further studied after weight-loss 
analysis with the aid of Zenith metallurgical microscope for which micrographs were taken. 
 
RESULTS AND DISCUSSION 
 
Weight-loss measurements 
Increase in ROS concentration results in a progressive decrease in corrosion rate and increase in inhibition 
efficiency as shown in Tables 1 & 2. The inhibitor molecules attached themselves onto the alloy surface through 
adsorption in the acid solution inhibiting the electrolytic transport of the anionic corrosive species responsible for 
the deterioration of the steel. Organic inhibitors generally have heteroatoms. O, N, and S are found to have higher 
basicity and electron density and thus act as corrosion inhibitor. O, N, and S are the active centers for the process of 
adsorption on the metal surface [24]. The marked difference between the inhibited and uninhibited samples is due to 
the presence of ROS and its electrochemical influence on the oxygen reduction, hydrogen evolution and oxidation 
corrosion process, invariably protecting the steel surface. Table 2 shows greater aggression of the acid medium as 
compared to Table 1 for the uninhibited sample (sample A) due to increased concentration of the acid from 0.5M to 
1M. Fig. 1(a & b) shows the corrosion rate and inhibition efficiency versus exposure time for mild steel in 0.5 M 
H2SO4, while Fig. 2(a & b) shows the corrosion rate and inhibition efficiency versus exposure time for mild steel in 
1 M H2SO4. The graph depicts the overwhelming influence of ROS after addition in the acid solutions. 
 
Table 1: Data obtained from weight loss measurements for mild steel in 0.5 M H2SO4 at specific concentrations of the ROS after 360 h 
 
Sample Weight Loss (g) Corrosion Rate (mm/y) Inhibitor Conc. (M) Inhibitor Conc. (%) 
Inhibition  
Efficiency (%) 
Surface  
Coverage (θ) 
A 1.889 7.46 0 0 0 0 
B 0.359 0.85 1.25E-05 1.25 81.0 0.8099 
C 0.446 1.66 2.50E-05 2.50 76.4 0.7637 
D 0.297 1.50 3.75E-05 3.75 84.3 0.8428 
E 0.225 0.95 5.00E-05 5.00 88.1 0.8811 
F 0.325 1.28 6.25E-05 6.25 82.8 0.8280 
G 0.362 1.33 7.50E-05 7.50 80.8 0.8081 
 
Table 2: Data obtained from weight loss measurements for mild steel in 1 M H2SO4 at specific concentrations of the ROS after 360 h 
 
Sample Weight Loss (g) Corrosion Rate (mm/y) Inhibitor Conc. (M) Inhibitor Conc. (%) 
Inhibition  
Efficiency (%) 
Surface 
Coverage (θ) 
A 3.179 15.53 0 0 0 0 
B 0.765 3.32 1.25E-05 1.25 75.9 0.7595 
C 0.402 1.63 2.50E-05 2.50 87.4 0.8736 
D 0.340 1.25 3.75E-05 3.75 89.3 0.8930 
E 0.168 0.70 5.00E-05 5.00 94.7 0.9471 
F 0.359 1.24 6.25E-05 6.25 88.7 0.8872 
G 0.384 1.56 7.50E-05 7.50 87.9 0.8792 
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Figure 1: Graph of (a) corrosion rate versus exposure time (b) inhibition efficiency versus exposure time in 0.5 M H2SO4 at 0%-15% ROS 
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Figure 2: Graph of (a) corrosion rate versus exposure time (b) inhibition efficiency versus exposure time in 1 M H2SO4 at 0%-15% ROS 
 
0
5
10
15
20
25
0 100 200 300 400
C
o
rr
o
si
o
n
 R
at
e
 (
m
m
p
y)
Exposure Time (hrs)
0%      ROS
2.5%   ROS
5%      ROS
7.5%   ROS
10%    ROS
12.5% ROS
15%    ROS
0
20
40
60
80
100
120
0 100 200 300 400
In
h
ib
it
io
n
 E
ff
ic
ie
n
cy
 (
%
)
Exposure Time (hrs)
2.5%   ROS
5%      ROS
7.5%   ROS
10%    ROS
12.5% ROS
15%    ROS
R. T. Loto et al                 J. Chem. Pharm. Res., 2015, 7(7):105-116 
______________________________________________________________________________ 
110 
 
 
Potentiodynamic polarization resistance 
ROS adsorption onto the steel surface is independent of the value of its concentrations in both solutions as shown in 
Table 3 & 4 respectively; from the lowest to the highest concentration of ROS the inhibition efficiency is generally 
the same. Data from the tables show that the adsorbed inhibiting compound retarded the electrochemical process of 
corrosion with significant influence on the electrochemical parameters after 0% ROS. In Fig. (3 & 4) the corrosion 
potential shifts towards more positive potentials with increase in ROS concentrations. This indicates anodic 
inhibition through film formation which stifles the redox electrochemical process responsible for corrosion at the 
steel solution interface. The film also acts as barrier against the corrosive species in the acid solution. Fig. 3 shows 
the polarization plots exhibits similar electrochemical behavior over the potential domain but in Fig. 4 there are 
significant variations in corrosion potential. The variations are explained on the basis of competitive adsorption 
between the inhibitor molecules trying to stifle the redox corrosion process through blockage of the reactive sites by 
physisorption and chemical interaction through electron sharing, and the corrosive specie [25, 26]. This invariably 
affects the redox reaction process under potential difference resulting changes in potential. The corrosion current is 
the product of the electron flow as a result of the redox reaction process and thermodynamics of the corroding 
system. The maximum displacement in Ecorr values is -13 mV in 0.5 M H2SO4 and 83mV in 1 M H2SO4 thus it is a 
mixed type inhibitor with greater tendency for anodic inhibition in the acid solution [27]. 
 
Table 3 Data obtained from polarization resistance measurements for mild steel in 0.5 M H2SO4 at specific concentrations of the ROS 
 
Corrosion 
Potential 
(Ecorr) (v) 
Corrosion 
Current (Icorr) 
(A) 
Current density 
(Icorr) (A/cm
2) 
bc (v) ba (v) 
Polarization 
Resistance 
(Rp)(Ω) 
Corrosion 
Rate 
(mm/year) 
Inhibition 
Efficiency 
(%) 
-0.383 9.22E-04 5.98E-04 -0.766 0.071 37.15 6.95 0 
-0.387 2.06E-04 1.34E-04 -0.910 0.191 511.26 1.55 77.68 
-0.396 1.62E-04 1.05E-04 -0.885 0.185 628.10 1.22 82.42 
-0.387 1.77E-04 1.15E-04 -0.702 0.174 569.12 1.33 80.82 
-0.393 1.54E-04 1.00E-04 -0.874 0.202 741.20 1.16 83.27 
-0.394 1.73E-04 1.13E-04 -0.798 0.170 541.59 1.31 81.17 
-0.398 1.41E-04 9.12E-05 -0.884 0.185 724.12 1.06 84.75 
 
. 
 
Figure 3: Comparison plot of cathodic and anodic polarization scans for mild steel in 0.5 M H2SO4 solution at (0% - 15%) ROS 
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. 
 
Figure 4: Comparison plot of cathodic and anodic polarization scans for mild steel in 1 M H2SO4 solution at (0% - 15%) ROS 
 
Table 4 Data obtained from polarization resistance measurements for mild steel in 1 M H2SO4 at specific concentrations of the ROS 
 
Corrosion 
Potential 
 (Ecorr) (v) 
Corrosion  
Current (Icorr) 
(A) 
Current density 
(Icorr)  
(A/cm2) 
bc (v) ba (v) 
Polarization  
Resistance 
(Rp)(Ω) 
Corrosion  
Rate 
(mm/year) 
Inhibition  
Efficiency 
(%) 
-0.304 1.13E-03 7.31E-04 -0.923 0.043 17.41 8.50 0 
-0.352 1.76E-04 1.14E-04 -0.747 0.139 422.63 1.33 80.93 
-0.369 2.02E-04 1.31E-04 -0.860 0.204 577.04 1.52 78.12 
-0.374 1.46E-04 9.49E-05 -0.791 0.164 615.75 1.10 84.14 
-0.371 1.24E-04 8.07E-05 -0.788 0.172 769.54 0.94 86.51 
-0.387 2.11E-04 1.37E-04 -0.888 0.186 485.97 1.59 77.15 
-0.368 2.16E-04 1.40E-04 -0.749 0.223 638.32 1.63 76.52 
 
Adsorption Isotherm 
Adsorption isotherm was applied to explain the inhibition mechanism of ROS on the steel surface determination of 
the mechanism of metal/inhibitor interactions due to the formation of complexes between the inhibitor molecules 
and the valence atoms metal 27. Langmuir adsorption isotherm produced the best fit in the acid solutions. The 
deviation of the slopes from unity in Fig. 11 is the result of molecular interaction among the adsorbed inhibitor 
anions and changes in the values of Gibbs free energy of adsorption with increase in surface coverage. The fitted 
line gave a value less than unity for the slopes. This suggests a slight deviation from ideal conditions assumed in 
Langmuir model. 
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(a) 
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(b) 
Figure 4: Relationship between  
𝑪
𝜽
 and inhibitor concentration (M) in (a) 0.5 M H2SO4 (b) 1 M H2SO4 
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Thermodynamics of the corrosion process 
Table 5 shows the values of Gibbs free energy, surface coverage and equilibrium constant of adsorption of the 
corrosion inhibition mechanism. The negative values of ΔGads showed the spontaneous nature of the adsorption 
process [28]. The calculated values of ΔGads ranges between −27.10 and −35.55 kJ mol−1 for ROS in 0.5 M H2SO4 
while the value in 1 M H2SO4 ranged between −31.67 and −28.47 kJ mol−1. The inhibition mechanism is generally 
physiochemical in both solutions.  
 
Table 5 Data obtained for the values of Gibbs free energy, surface coverage and equilibrium constant of adsorption at specific 
concentrations of ROS in 0.5 M H2SO4 
 
Sample Surface Coverage (θ) Equilibrium constant of adsorption (K) Gibbs free energy (ΔGads) 
A 0 0 0 
B 0.8099 340735.0 -31.55 
C 0.7637 129312.1 -29.16 
D 0.8428 142949.5 -29.44 
E 0.8811 148144.2 -29.50 
F 0.8280 77001.8 -27.90 
G 0.8081 56150.8 -27.10 
 
Table 5 Data obtained for the values of Gibbs free energy, surface coverage and equilibrium constant of adsorption at specific 
concentrations of ROS in 1 M H2SO4 
 
Sample Surface Coverage (θ) Equilibrium constant of adsorption (K) Gibbs free energy (ΔGads) 
A 0 0 0 
B 0.7595 252607.9 -30.81 
C 0.8736 276544.7 -31.04 
D 0.8930 222658.8 -30.53 
E 0.9471 357990.5 -31.67 
F 0.8872 125836.0 -29.10 
G 0.8792 97073.9 -28.47 
 
.  
 
 
(a) 
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(e) 
 
Figure 5: Optical micrographs at mag. x50 of: a) mild steel before immersion, b) mild steel after immersion in 0.5 M H2SO4, c) mild steel 
after immersion in 1 M H2SO4, d) mild steel after immersion in 0.5 M H2SO4 with ROS compound, e) mild steel after immersion in 1 M 
H2SO4 with ROS compound 
 
Optical Microscopy 
The micrographs in Fig. 5 shows the variation in surface topography of the steel before and after immersion in the 
acid solution with and without ROS compound in the acid solution. Fig. 5a shows the steel surface before immersion 
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in the acid solution while Fig. 5(b & c) shows the surface topography after immersion in the acid solution without 
ROS compound. The remarkable changes is due to the debilitating effect of the corrosive ions involving the 
electrochemical action of the sulphate species of the acid on the steel which results in deterioration of its surface 
properties. The degree of deterioration is much more significant in Fig.5c compared to Fig. 5b. The surface 
topography in Fig. 5(d & e) is due to the precipitation and surface coverage of an invisible film of ROS molecules in 
the acid solution onto the steel surface throughout the exposure period through diffusion and adsorption. This 
invariable protects the surface properties of the steel after immersion in the acid solutions. 
 
CONCLUSION 
 
Rosemary oil showed excellent corrosion inhibition; reducing the corrosion rate of mild steel at all concentrations 
studied from weight-loss and potentiodynamic polarization tests. The inhibition efficiency was observed to be 
independent of the increase in inhibitor concentration. The inhibitor was determined to be mixed type in 0.5 M 
H2SO4 and anodic type in 1 M H2SO4. Thermodynamic calculations showed the inhibition mechanism to be 
physiochemical. Adsorption of rosemary oil onto the steel surface fitted into the Langmuir model, thus proving that 
the molecular interaction is fixed. The surface topography remained unchanged in the presence of rosemay oil from 
Optical microscopy micrograhs. 
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